Microstructual observations indicate that the recrystallization of cold rolled extralow carbon steel sheets occurs due to the abnormal growth of selected subgrains in recovered subgrain microstructures. The authors measured the orientations of a recovered microstructure of a cold rolled extralow carbon steel sheet by SEM-EBSP and classified the deformed grains into several types due to the orientation and its scattering degree.
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Introduction
In 1997, Humphleys 1, 2 ） proposed a recrystallization model under the assumption that the recrystallization occurred through the abnormal growth of selected subgrains. Using the model, Humphreys examined the onset condition of recrystallization in detail. He did not, however, compare his calculation results with the recrystallization behavior of a practical material. The reason is because the proposed model is very simplified and, therefore, cannot simulate the recrystallization behavior occurring in a complex deformed microstructure of practical materials. The authors measured the orientations of the recovered microstructure of a cold rolled extralow carbon steel sheet by SEM-EBSP and classified the deformed grains into several types due to the orientation and its scattering degree. We introduced here a model for predicting the recrystallisation behavior of a cold rolled extralow carbon steel sheet which was developed by applying the model of Humphreys to the grain of each type.
Experimental Procedure
The chemical composition of the steel used in the experiment is shown in Table 1 . Steel ELC is an extra-low carbon steel, and Steel TELC is an IF (Interstitial atom free) steel produced by adding Ti to ELC. ELCwas melted in the vacuum furnace in the laboratory and solidified to a flat ingot of 50kg. The ingot was heated at 1100℃ for 60 minutes and then hot rolled at a finishing temperature of around 920℃. The hot band was then directly transferred into a furnace of 600℃ and kept for 60 minutes to simulate the coiling process and finally cooled to the room temperature in air. On the other hand, TELC was melted in a LD convertor and continuously cast to a 250mm slab in the mill. The slab was hot rolled to a plate of 30mm in the laboratory. The plate was reheated at 1250℃ for 60 minutes and then hot rolled at a finishing temperature of around 920℃ and directly transferred into a furnace of 700℃ and kept for 60 minutes and cooled in air to the room temperature. The difference in the temperatures of the furnace resulted in the nearly same ferrite grain size of the hot bands of ELC and TELC.
After pickling, these hot bands were cold rolled to 80%. The cold rolled specimens were heated to prescribed temperatures at a heating rate of 10℃/s and subsequently quenched by water. This heat treatment was carried out on the Gleeble 1500.
Experimental Result
The recrystallization behavior of cold rolled ELC and TELC steel sheets is shown in Fig. 1 . The addition of Ti increases the recrystallization temperature by around 100℃.
The measurement of the subgrain size and distribution of the orientation in the individual deformed grains was carried out using an ELC specimen heated to 600℃ and a TELC specimen heated to 700℃ by SEM-EBSP, respectively. As a result, we can classify the deformed grains into three types according to the distribution of the orientation in the grain.. Fig. 2 shows the feature of the grain of each type. The grain of type 1 consists of very fine subgrains whose orientation is characterized by around <111> orientation in ND and a broadly dispersed orientation between <112> and <110> in RD as shown in Fig. 2 . In the grain of type 1, the recrystallization occurs in any place inside the grain and the orientation of the recrystallized grains is around ND//<111>.
In the grain of type 2, the size of subgrains in the vicinity of the grain boundary differs from that of subgrains in the center of the grain. The size of subgrains in the vicinity of the grain boundary is nearly the same as that of type 1 grains. The size of subgrains in the center of the grain is relatively large but it is smaller than that of the grain of type 3. The recrystallization of the grain of type 2 mainly occurred in the vicinity of the grain boundary and the recrystallized grains grew to the center of the deformed grain. Though the number is quite limited, the recrystallization also occurred inside the grain far from the grain boundary.
The grain of type 3 consists of large subgrains, and the orientation difference of adjacent subgrains is small within several degrees from each other. The crystallographic feature of the grain of type 3 is that the orientation in RD is around <110>. The grain of this type is hard to recrystallize. The recrystallization chiefly occurred by the growth of grains recrystallized in the grain of types 1 or 2..
According to this classification, the ratio of the deformed grains of types 1, 2, and 3 in ELC and TELC steels is approximately 4:4:2.
Model
Since we confirmed that the recrystallization of cold rolled ELC and TELC steel sheets occurred by the abnormal growth of selected subgrains, we used the model of Humphreys as a basic model to describe the recrystallization behavior of the steels. We recognized the existence of dislocations in the subgrain by an observation on TEM. We, therefore, considered the influence of dislocation density in the subgrain on the recrystallisation behavior and modified the model of Humphreys as expressed in Eq. 1.
Here, i describes the aforementioned types and j indicates the j th calculation. The calculation is carried out by each time step of Δt. The initial values of R and R are given as initial R and initial R , respectively.
Equations (2) and (3) 1 were used to calculate the interfacial energy γ and mobility M for an arbitrary boundary misorientation angle θ because γ and M depend on the orientation difference of the adjacent subgrain. When θ is 15° or more, the interfacial energy of 0.5J/m 2 is used which is often used for an incoherent boundary. pure M is the mobility of high angle boundaries and is given by Eq. 7 3) .
The evolution of the dislocation density ρ due to the recovery is assumed to be expressed by Eq. 5. Using experimental results of hardness measurement, the relationship between the hardness and strength and the Bailey-Hirsch relationship, a constant k can be determined. Since the experiment was carried out at a heating rate of 10℃/s, namely dT/dt=10, the dislocation density can be expressed as a function of an absolute temperature by Eq. 6. 
However, the calculated dislocation density may be much higher than that inside the subgrain because the calculated result contains geometrically necessary dislocations which form the subgrain boundaries. The dislocation density used in the model is assumed to be 1/100 of the value calculated by Eq. 6.
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Alloying elements influence the recrystallization behavior by the pinning and solute drag effects. In this investigation, the solute drag effect is considered in the mobility term 4) and is expressed by Eq. 7 5) .
Here, Cx is the amount of an alloying element which segregates to the grain boundary, α is the ratio of the segregation formulated by Eq. 8 .
The whole fraction recrystallized through the recrystallization of the grain of types 1 is calculated according to Eq. 10. Here, 1 Type X is the fraction of the grain of type 1. I 1j is the nucleation rate for the grain of type 1 given by Eq. 11. A constant n 0 is the number of subgrains which start growing abnormally per a unit time. In the practice, n 0 is used as an adjusting parameter to fit the experimental result. In the previous experiment 7) , it was found out that new nucleation hardly occurred after 20% recrystallization and therefore, n 0 is set to zero after the calculated fraction recrystallized exceeds 20%.
The area of the vicinity of grain boundary of the grain of type 2 was assumed to be 20% of the whole area of the grain. The recrystallization behavior in this area is assumed to be the same as that in the grain of type 1. In the remaining area of the grain of type 2, the nucleation rate is less than that in the vicinity of the grain boundary because the size of the subgrains is larger and the orientation difference with the adjacent subgrain is smaller. It is expressed by Eq. 12, where n 2 is an adjusting parameter to fit the experimental result. The fraction recrystallized can be calculated using Eq. 10 until the recrystallization in the vicinity of the grain boundary is completed. 
After the completion of recrystallization in the vicinity of the grain boundary, the grain recrystallized in the area grows toward the center of the grain and the progress of recrystallization attributed to this growth is then calculated by Eq. 13. Here, N 2 is the number of grains growing toward the center of the grain and is used as an adjusting parameter to fit the experimental result. R 2 is the radius of the growing grain. R 2 just after the completion of recrystallization in the vicinity of the grain boundary is set to 4.2×10 -6 m according to the observation result. The microstructural observation confirmed that the grain of type 3 did not recrystallize until the fraction recrystallized exceeded 70%. The recrystallization of the grain of type 3 occurred by the invasion of the surrounding grains recrystallized. The recrystallized fraction of the grain of type 3 is calculated by Eq. 14. Here, ∆V is the increase in the volume recrystallized expressed by Eq. 15. N 3 is the number of the growing grains and is used as an adjusting parameter. R 0.7 is the average size of the recrystallized grains at the fraction recrystallized of 70% and is set to 10µm according to the microstructual observation. R 3 is calculated by Eq. 1.
( )
The values of the constants and parameters used in the model are given in Appendix A. These values were partly determined based on the microstructural observation and the microscale-textural analysis and were partly given to fit the experimental result. It means that this model consists of empirical formula based on theoretical handling. Fig. 3 shows the experimental result of the recrystallization behavior of a cold rolled ELC steel sheet and the result calculated using the model developed here. Good agreement was obtained.
Conclusion
Humphreys proposed a model for predicting the recrystallization behavior of the idealized microstructure based on the idea that the recrystallization is controlled by the abnormal grain growth of selected subgrains in the subgrain structure.
In the present study, the micro-scale textural analysis was carried out in cold rolled extralow carbon steels and we classified the deformed grains into 3 types according to the size of subgrains and the scattering of their crystal orientations. We developed a model for predicting the recrystallisation behavior of a cold rolled extralow carbon steel sheet applying the model of Humphreys modified to the grain of each type. The model was confirmed to be able to simulate the recrystallization behavior of cold-rolled extrlow carbon stee quite well.
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Constants and parameters used in the model. 
